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To come up with a bistable liquid crystal (LC) device using unpolarized UV light, single-step laser patterning on a
photoalignment layer using a photomask was proposed to achieve an equilibrium configuration of LC molecules in contact
with a periodically patterned substrate. The patterns were formed by stripes of alternating random planar and homeotropic
anchoring on a submicrometer scale in the order of 0.5 μm. Two possible configurations of bistable LC cells that can
be obtained by combining a micropatterned surface formed with alternating random-planar- and homeotropic-alignment
with planar- or homeotropic-alignment surfaces were proposed. The alignment properties of the two proposed models were
investigated, along with the microscopic switching behavior of micropatterned nematic LC cells.
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1. Introduction
Most liquid crystal (LC) devices are monostable, with
only one possible state in the absence of a field. They
require permanent voltage application to maintain another
state and frequent image refreshment. This increases the
energy consumption and limits the multiplexability. In fact,
monostable devices have no intrinsic pixel memory, and to
obtain high multiplexing levels, they need an active matrix
or other external storage elements. Bistable displays have
two (or more) stable states without maintaining an electric
field [1,2]. Once displayed, the information is memorized
for a long time, ranging from seconds up to years, depending
on the application needs. This intrinsic memory is the main
advantage of bistable devices. It reduces the power con-
sumption, especially when the application does not require
frequent updates. For some mobile applications, such as
electronic paper (e-paper), energy saving can be a decisive
improvement, increasing the battery lifetime by orders of
magnitude.

Flat micropatterned alignment is a novel method for
aligning LC [1,3]. Micropatterned surfaces are fabricated by
means of a photoalignment technique [4], which generates
different surface alignment orientations on a micrometer
length scale. This provides unique control of the LC ori-
entation both near the alignment surface and in the bulk of
the LC layer. Using micropatterned alignment, a number of
new devices have already been realized [3,5,6].

∗Corresponding author: Email: jais@stn.nagaokaut.ac.jp

The micropatterned alignment of nematic LCs formed
by stripes of alternating random planar and homeotropic
alignment was theoretically proposed by Qian and Sheng
[7]. They show that novel orientational states and the
temperature-dependent tilt angle of the director may be
induced in nematic LC by microtextured substrates, i.e.,
spatially mixed-alignment potentials.

Oo et al. [8–12] and Yazawa et al. [13] proposed single-
step laser patterning on a photoalignment layer using a
photomask, to achieve an equilibrium configuration of LC
molecules in contact with a periodically patterned substrate.
The patterns were formed by stripes of alternating planar
and homeotropic anchoring. This micropatterned surface
provides two equilibrium states with equal energy minima.

The memory effect under the influence of the applied
external fields in LC is also an important topic. This type
of memory effect maintains the field-induced orientation of
LCs caused by external fields after the fields are removed
[14–21]. Sato and Wada [14] first reported such mem-
ory effect in compensated LCs. They observed that the
memory effect depends on the surface conditions of the
tin-oxide-coated glass substrate and the applied electric
field. Moreover, they found that the temperature range
within which the memory effect occurs is inversely propor-
tional to the sample thickness. Therefore, a small sample
thickness is needed to achieve the memory effect over a
wide temperature range. The other example of these effects
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with the application of external fields is the switching of
the LC alignment on all bistable surfaces [1,22]. Boyd
et al. [1] discovered a new class of nematic LC storage
effects based on the elastic and topological bistability of the
director orientation, and switching between bistable states
was demonstrated using both electric and magnetic fields.
They have shown that disclinations, which is anathema to
most LC devices, can serve useful functions when properly
controlled. Moreover, Dozov and Durand [22] proposed a
new kind of passive surface-controlled nematic display with
bistable textures. Switching by breaking surface anchor-
ing is very fast and can be controlled by pulses of a few
microseconds duration.

In this paper, two kinds of bistable models were demon-
strated using a micropatterned surface formed by stripes
of alternating random planar and homeotropic alignment.
First, the orientation of the bistable models was observed
and confirmed under a polarizing optical microscope (POM;
Nikon) after being employed with several types of LC
substances. Then the alignment properties of the bistable
models, such as the twist angle and the pretilt angle, were
measured. Lastly, the switching behavior and the memory
effect of the bistable model by means of the vertical field
effect were observed, and the new states were found to have
been memorized after the occurrence of the applied vertical
field effect.

2. Bistable switching models
The stripe pattern of the alternating planar- and
homeotropic-alignment conditions can induce a first-order
phase transition between two bulk orientational states, in
which one has the director lying in the YZ plane (YZ state),
where Z is normal to the substrate and Y is parallel to the
stripes, and the other is aligned along the X direction (X
state), as shown schematically in Figure 1(a). This transition
can be observed by varying either the temperature (T ) or
the stripe pattern periodicity (P), or through the application
of an electric field (E) in the Z direction. In the YZ state, the
tilt angle of the director (θ ), as measured from the substrate,
can vary between 7◦ and 40◦ as a function of T , P , and E [7].

The bulk orientational state is determined by the compe-
tition between the elastic energy in the boundary layer and
the surface alignment potential. When P is large, so that
the boundary layer elastic energy is smaller than the surface
alignment energy, the so-called “YZ state” can be obtained

as the optimal bulk configuration. As P decreases, the elas-
tic energy in the boundary layer becomes comparable to the
surface alignment energy, and a transition may occur. As
such, the so-called “X state” can be obtained as the optimal
bulk configuration. Figure 1(b) shows a schematic illustra-
tion of the textured pattern and the director configuration of
the YZ and X states.

Two types of configurations of bistable cells can
be obtained by combining a micropatterned surface
formed with alternating random-planar- and homeotropic-
alignment with either a homogeneous- or a homeotropic-
alignment surface. In the twisted-homogeneous model,
a micropatterned surface was placed combined with a
rubbed polyimide (homogeneous alignment) surface. This
was assumed to give two mutually perpendicular homoge-
neous and twist nematic (TN) states when the X and YZ
states were formed inside the cell. In the bistable hybrid-
alignment-nematic (HAN) model, a micropatterned surface
was placed combined with a homeotropic surface. This was
assumed to have given two mutually perpendicular HAN
states when the X and YZ states were formed inside the
cell. The configurations of the bistable LC cells for the
twisted-homogeneous and bistable HAN models are shown
in Figure 2(a) and (b).

3. Experiments
As a photoalignment layer, vertical polyimide (PI-VA),
which originally exhibited homeotropic-alignment, was
used. Exposure of the PI-VA film was carried out using
one unpolarized beam from a He–Cd laser (λ = 325 nm,
55.0 mW/cm2) through a photomask (0.5 μm line and
space) incident to the sample from the PI-VA film side, at
normal incidence. A depolarizer was used to obtain unpo-
larized UV light from the polarized UV light source. The
exposure time was set at 3 h. Figure 3(a) shows the exper-
imental setup for periodic stripe pattern formation using
unpolarized UV light. The pattern was formed by stripes of
alternating random planar and homeotropic anchoring, as
shown in Figure 3(b).

3.1. Orientation confirmation of the twisted-
homogeneous bistable and bistable HAN cells

To observe and confirm the orientation of the twisted-
homogeneous bistable and bistable HAN cells, three types

Figure 1. (a) Schematic diagram of the stripe patterns with alternating random-planar- and homeotropic-alignment potentials. (b) Director
configuration of the YZ and X states.
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Figure 2. Two types of configurations of the bistable LC cell: (a) twisted-homogeneous bistable mode and (b) bistable hybrid mode.

Figure 3. (a) Experimental setup for periodic stripe pattern formation using unpolarized UV light. (b) Schematic illustration of the
textured stripe patterns with alternating random-planar- and homeotropic-alignment states after unpolarized UV light exposure.

of nematic liquid crystal (NLC) substances were used. For
the twisted-homogeneous bistable cell, the NLC substance
with a negative dielectric anisotropy that was used in this
experiment was MBBA with a 15 μm nominal cell gap, and
the NLC substances with a positive dielectric anisotropy
that were used were 5CB (Merck) and ZLI-2293 (Merck)
with a 5 μm nominal cell gap. For the bistable HAN cell,
the NLC substance with a negative dielectric anisotropy that
was used in this experiment was MBBA, and the NLC sub-
stance with a positive dielectric anisotropy that was used
was ZLI-2293 (Merck). The cells were filled with NLCs
by capillary action in the isotropic phase and were grad-
ually cooled to room temperature. The William domains
were observed by applying an electric voltage perpendic-
ular to the layer [23,24]. The LC textures for both the
twisted-homogeneous bistable and bistable HAN cells were
examined under a POM.

3.2. Measurement of the twisted angle of the
twisted-homogeneous bistable cell

The extinction angle method was used to measure the actual
twist angle of the twisted-homogeneous bistable cell [25].
The optical arrangement and the coordinate system of the
extinction angle method are shown in Figure 4(a). The align-
ment and the actual twist angle were determined with a POM
between crossed polarizers with white-light illumination

[26]. The TN cell was arranged between the polarizer and
the analyzer with light incidence. Here, the transmission
axis of the polarizer, the transmission axis of the analyzer,
and the LC director at the polarizer and analyzer sides are
φp, φa, n1, and n2, respectively. As shown in Figure 4(b), φp

and n1 were arranged to be parallel to each other while φa

and n2 were arranged to be perpendicular to each other.
At this time, the strength of the light that transmitted the
analyzer becomes the smallest. In other words, the linearly
polarized light that penetrated the cell and transmitted the
polarizer was optically rotated from the direction of n1 to
the direction of n2 according to the twist of the LC direc-
tor. The linearly polarized light that was optically rotated
was cut off by the analyzer and caused the transmittance
to become the smallest. At this time, twist angle �t can
be determined using the following equation when the angle
formed between φp and φa is assumed to be �pa:

�t = 90◦ − �pa. (1)

3.3. Measurement of the pretilt angle of the
twisted-homogeneous bistable cell

The pretilt angle at the YZ state (big region) of the patterned
substrate was measured by comparing the values of phase
difference � and angle of amplitude ratio � measured using
a transmission spectroscopic ellipsometer (M150, JASCO)
[27]. Theoretical calculation was performed using the
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Figure 4. (a) Optical arrangement and coordinate system of the extinction angle method. (b) Polarized light axis related to the director
in the extinction angle method.

Figure 5. Optical system of the transmission ellipsometer.

Berreman 4 × 4 matrix method [28]. The NLC substance
that was used for this experiment was 5CB (5 μm). Figure 5
shows the optical system of the transmission ellipsometer.
The incident angles were 0◦ and 30◦. For the theoretical
calculation, the twist angle measured through the extinction
angle method and the cell gap measured outside the spot area
(HAN orientation) through the fitting method were used.

3.4. Switching experiment of the twisted-homogeneous
bistable cell

A twisted-homogeneous bistable cell filled with 5CB
(5 μm) was used for the switching experiment. The pulse
voltage was applied, with 100 ms pulse and 80 V voltage
amplitude.

4. Results and discussion
4.1. Orientation confirmation of the twisted-

homogeneous bistable and bistable HAN cells
A micropatterned (random-planar- and homeotropic-
alignment) surface was placed combined with a rubbed
PI-PA (homogeneous alignment) surface to fabricate a
twisted-homogeneous bistable NLC cell, as shown in
Figure 2(a). This brought forth the homogeneous and TN
states when the X and YZ states were formed inside the
cell, as shown in Figure 6, with the rotation of the ana-
lyzer with respect to the polarizer. Figure 6(a), (c), and
(d) shows the NLC cells filled with MBBA, 5CB, and
ZLI-2293, without electric-field application, respectively.

Figure 6(b) shows the NLC cell with electric-field appli-
cation. The black arrows in Figure 6(b) indicate the LC
director when the electric field was applied perpendicular
to the layer. Two domains with opposite senses of the twist
angle of the LC directors separated by a disclination line
were observed, and these were confirmed by the orienta-
tion of the William domains. For all the NLC cells, the two
states were observed and confirmed. The YZ state in the
twisted-homogeneous bistable NLC cell was observed to
have a bigger region compared with the X state.

A micropatterned (random-planar- and homeotropic-
alignment) surface was placed combined with a PI-VA
(homeotropic-alignment) surface to fabricate a bistable
HAN cell. This was assumed to have brought forth two
mutually perpendicular HAN states when the X and YZ
states were formed inside the cell, as shown in Figure 7.
Figure 7(a) and (c) shows the LC cell filled with MBBA and
ZLI-2293 without electric-field application, respectively.
Figure 7(b) shows the NLC (MBBA) cell with electric-
field application. For both NLC cells, the two HAN states
were observed and confirmed under a POM with a crossed
polarizer. The disclination line was found between the two
HAN states. From the William domains experiment, it was
found that the two HAN states were not perpendicular to
each other. The YZ state in the bistable HAN NLC cell was
observed to have a bigger region compared with the X state,
the same as the twisted-homogeneous bistable cell.

4.2. Measurement of the twist angle of the
twisted-homogeneous bistable cell

Through the extinction angle method, the actual twist angle
of the twisted-homogeneous bistable cell was measured and
determined for several samples. Table 1 shows the measure-
ment results of the actual twist angles of MBBA, 5CB, and
ZLI-2293. The twisted-homogeneous cell with 5CB was
found to have the biggest twist angles within the range of
−71 to −78◦ for the YZ state and 58–75◦ for the X state,
followed by MBBA with twist angles within the range of
−50◦ to −79◦ for the YZ state and 40–72◦ for the X state,
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Figure 6. Polarized microphotographs of the twisted-homogeneous bistable cell using different LCs: (a) MBBA without electric-field
application; (b) MBBA with electric-field application; (c) 5CB without electric-field application; and (d) ZLI-2293 without electric-field
application.

Figure 7. Polarized microphotographs of the bistable HAN cell using different LCs: (a) MBBA without electric-field application; (b)
MBBA with electric-field application; and (c) ZLI-2293 without electric-field application.

Table 1. Twist angle measurement results.

Type of NLC YZ state (◦) X state (◦)

MBBA −50 to −79 40–72
5CB −71 to −78 58–75
ZLI-2293 −49 to −52 20–25

and ZLI-2293 with twist angles within the range of −49 to
−52◦ for the YZ state and 20–25◦ for the X state. The YZ
state showed a reverse-twist orientation. The experiment
results, in which the twist angles were smaller at the X state
than at the YZ state, are in good agreement, as predicted by
Qian and Sheng [7].
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4.3. Measurement of the pretilt angle of the
twisted-homogeneous bistable cell

By comparing the values of phase difference � and
angle of amplitude ratio � measured with a transmission
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Figure 9. � and � on 30◦ incident.

spectroscopic ellipsometer, with the theoretical calculation
done using the Berreman 4 × 4 matrix method, the pretilt
angle at the upper substrate (rubbing substrate) and lower
substrate (patterned substrate) were determined to be 2◦
and 13◦, respectively. Figures 8 and 9 show the fitting results
of � and � at 0◦ and 30◦ incidents, respectively.

Therefore, it is understood that the pretilt angle on the
patterned-substrate side is comparatively high compared
with the rubbing substrate. It is stated in the theory that
the YZ state has a pretilt angle between 7◦ and 40◦ [7].
With this result, it can be said that the big region in the
twisted-homogeneous bistable cell is similar to the YZ state.

4.4. Switching experiment on the twisted-homogeneous
bistable cell

As shown in Figure 10, when the positive square-wave
pulse was continuously applied to the twisted-homogeneous
bistable cell, a new state was found to have appeared and to
have been memorized. It is thought that the new state that
appeared was an area of a reverse twist because the color
was reversed when the analyzer was rotated. Then, when
the negative square-wave pulse was applied to the cell, it
was found that the new state was able to be returned to
the original state. Therefore, it can be said that the mem-
orized state can be rewritten by changing the polarity of
the square-wave pulse. Moreover, the memory state after
the application of the switching voltage was maintained for

Figure 10. Switching behavior of the twisted-homogeneous bistable cell.
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over a month, and it switched to the original state when the
pulse of a reverse-polarity electric field was applied.

5. Conclusion
It was found that the two orientational states are quite dif-
ferent from the X and YZ states as predicted by Qian and
Sheng. The two orientational states were confirmed by the
orientation of the William domains. Ellipsometric measure-
ments were carried out to determine the deviation from the
X and YZ states. With regard to the twisted-homogeneous
bistable cell, the twist angle was measured using the extinc-
tion angle method. Moreover, the pretilt angle was estimated
by comparing the ellipsometric results of phase difference
� and angle of amplitude ratio �, with the theoretical cal-
culation done using the Berreman 4 × 4 matrix method.
Furthermore, the pulse voltage was applied to the twisted-
homogeneous bistable cell, and the change in the alignment
states was observed. The twisted-homogeneous bistable cell
showed a peculiar characteristic bistability, and it was found
that the two states can be switched using a proper field effect
and switching waveforms. The memory state after the appli-
cation of the switching voltage was maintained for over a
month, and it switched to the original state when the pulse
of a reverse-polarity electric field was applied. It was thus
assumed that the formation of the two bulk orientational
states will depend on the degree of depolarization of the
laser light, the stripe periodicity, and the effective anchoring
strength of the patterned surface.
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